Subglacial lakes provide unique habitats, but the exact nature of physical and geochemical conditions are still a matter of debate and await direct sampling of water. Due to its isolation from external atmospheric forcing other environmental parameters influence the flow characteristics within the lake. In this study we use an improved treatment of the physical processes at the ice-water boundary interface to identify and quantify the impact of (1) the geothermal heat flux, (2) the heat flux from the lake into the ice, (3) the influence of the salinity of the lake water, and (4) the ice thickness on the size of the freezing area and the freeze/melt rates. We show that the modelled basal mass imbalance (that is the produced melt water minus the re-frozen water) depends on the geothermal heating as well as the heat flux into the ice. The circulation and the temperature distribution within subglacial Lake Vostok are rather stable against variations of geothermal heat flux, heat flux into the ice sheet, salinity of the lake, and small changes of the ice thickness above the lake. However, the flow regime for any subglacial lake with less than 2000 m ice thickness above, will be substantially different from those that experience higher pressures. This is because the buoyancy-temperature relationship reverses at this depth.
Introduction
In a recent paper Thoma et al. (2007) presented a three-dimensional numerical model to investigate the circulation within subglacial Lake Vostok, Antarctica. As direct observations underneath about 4000 m of ice are nearly impossible or at least very expensive (e.g., Gavaghan, 2002; Priscu et al., 2003; Inman, 2005) , physical parameters (e.g., water column depth, salinity, heat conduction into the ice) can only be guessed or estimated by indirect measurements and hence include considerable uncertainties. The standard model configuration presented in Thoma et al. (2007) uses the bathymetry model published by Studinger et al. (2004) (Fig. 1 ) and treats Lake Vostok as a closed system according to mass conservation. The configuration is based on the most appropriate parameters currently available, but no systematical estimation of the impact of varying physical environmental parameters and boundary conditions has been made so far. The only other study that addresses uncertainties is by Mayer et al. (2003) who investigated the impact of the water's salinity on circulation and basal ice formation in Lake Vostok. Currently, a new bathymetric model is developed by Filina et al. (2008) . This will allow additional sensitivity studies on the impact of ice draft and water column thickness on
Email address: Malte. Thoma@awi.de (Malte Thoma) . Lake Vostok's flow regime in the future. The aim of this study is to close this gap by analysing the sensitivity of the model output (which are the circulation pattern, the basal mass loss, the temperature distribution, and the freezing area within Lake Vostok) to specific forcing parameters. In fact, the circulation pattern as described in Thoma et al. (2007) is stable against most parameter variations. Hence, we use the turbulent kinetic energy as a scalar and easier to compare representative. After a brief description of the numerical model in Section 2, we present results for different sensitivity studies in Section 3, namely the geothermal heat flux (Section 3.2), the heat flux into the ice shelf (Section 3.3), the lake water's salinity (Section 3.4), and different ice thicknesses above the lake (Section 3.5). In the final Section 4, we discuss the relevance of our results for Lake Vostok and other subglacial lakes and their implication for future numerical studies as well as for explorations of Lake Vostok and other subglacial Antarctic lakes.
Theoretical model and setup
We use the three-dimensional fluid dynamics model Rombax (Thoma et al., 2006a) especially designed for sub-ice shelf or subglacial environments. Only a few improvements to the model code, as described in Thoma et al. (2007) , have been made; namely, the treatment of the physical processes at the icelake boundary interface, a slightly different vertical σ−layer discretization, and the use of a spatial filter to smooth the bedrock topography and the ice draft (Thoma et al., 2006b ).
The first modification, concerning the physical process at the ice-water interface is based on the conservation of energy (heat) and salinity and on an empirical equation for the pressure dependent freezing point (Grosfeld et al., 1997; Gerdes et al., 1999; Holland and Jenkins, 1999) . In the subglacial environment the heat conduction into the ice is important. We re-implemented its treatment to ensure energy conservation.
The latter two modifications increase the numerical stability of the model output by decreasing the unavoidable pressure gradient error in σ-coordinate models (Mellor et al., 1993; Ezer and Mellor, 1997; Ly and Jiang, 1999) . Filtering of about 14% (4%) of the bedrock (ice draft) nodes, where the gradient exceeds a specified limit of 4% (equivalent to 2.3 • ), ensures an upper limit of the topographic slope of about 9% (4%). Thus, both values drop below the upper limit of 10%, proposed by Mellor and Blumberg (1985) , implying that the implemented diffusion scheme acting along and perpendicular to σ-coordinates is sufficient.
Results

Revised standard model configuration
The model improvements with respect to Thoma et al. (2007) have only a negligible impact on the circulation pattern within Lake Vostok, but the temperature and flow velocities do change. By far the largest impact has the revised energy balance formulation at the ice-lake interface. This reduces the water temperature within the lake for about 10% (Table 1) . Because the melting and freezing rates are highly sensitive to temperature differences, any change in the boundary temperature field leads to a significant impact on the mass balance at the ice sheet's base. Hence, the values of the melting rate, the freezing area and the average freezing rate are affected stronger than the temperature. As temperature gradients are reduced, the turbulent kinetic energy and flow velocities are reduced, too. The horizontal flow (in the order of 1 mm/s) is largest at the bottom and the top of the lake while the vertical velocity (in the order of 10 µm/s) is largest in the water column's centre. In Table 1 the diagnostic parameters of the revised standard model configuration introduced here are compiled and compared with those of Thoma et al. (2007) . The black circles, indicating the revised standard model configuration in Figs. 2-4 and 6, have slightly different values compared to Thoma et al. (2007) .
Only few and deduced data is available by now to validate our model results. However, the revised values for the freezing rate (see Thoma et al., 2007 , for a detailed discussion), the basal ice loss (Petit, 2003) , and the northward extending freezing area (e.g., Siegert et al., 2000) Table 1 Compilation of updated diagnostic parameters, compared to the previous work of Thoma et al. (2007) . Using a simple numerical model of the ice sheet thermal regime, Siegert (2000) postulated the geothermal heat flux at the base of the Antarctic ice sheet to be between 37 mW/m 2 and 64 mW/m 2 to ensure basal melting; and according to Maule et al. (2005) , who interpreted satellite magnetic data, the geothermal heat flux underneath the Antarctic Ice Sheet varies from less than 50 mW/m 2 to more than 150 mW/m 2 . The value for the Lake Vostok area, used in the standard model configuration, is 54 mW/m 2 (Maule et al., 2005) , which is also a common average value for the whole of Antarctica. According to an energy balance model by Petit (2003) , the geothermal heat flux over the lake is only about 46 mW/m 2 . Fig. 2 shows the results for geothermal heat fluxes, varying from zero to 160 mW/m 2 . The impacts on the flow regime (not shown), the turbulent kinetic energy, and the freeze rate are negligible, but the freezing area, the average melt rate, and the basal mass loss do depend significantly on the amount of geothermal heat. The basal mass loss is defined as the difference between molten ice and frozen water at the ice's base. Note, that the dependence of the basal mass loss in this experiment is linear. With no geothermal heat flux at all, the net basal mass loss is positive (≈ 2.3 mm/a), leading to a net basal ice gain. As the lake's average depth is calculated to be 350 m, it would take about 150 000 years to freeze the whole lake. If the heat flux into the ice would be constant everywhere (see Section 3.3), the basal mass exchange would be balanced at the position indicated by the orange pentagon in Fig. 2 . But in our model the heat flux into the ice is assumed to be zero in areas where freezing takes place, a smaller amount about 23 mW/m 2 is sufficient to maintain the lake's volume. The heat flux Q Ice = λ ∆T /H = 33 mW/m 2 from the lake into the ice sheet, used for the standard model configuration, is estimated from the difference between the average annual mean surface temperature and the average basal freezing point temperature ∆T = −59 K, the heat conductivity λ = 2.1 W/(K m), and the ice thickness at Vostok Station H = 3740 m (Mayer et al., 2003) . The dashed lines and the stars in Fig. 3 show the results, if the heat flux is applied to the entire ice sheet base. Increasing heat extraction through the ice sheet reduces the effective boundary layer potential to melt ice. Hence, the average melt (freeze) rate decreases slightly about 45 µm/a per mW/m 2 (60 µm/a per mW/m 2 ), while the freezing area increases significantly by about 45 km 2 per mW/m 2 . At the same time, the basal mass loss is reduced by about 0.1 mm/a per mW/m 2 . When the geothermal heat is equal to the heat flux into the ice, the basal mass loss reaches zero, indicated by the pentagon in Fig. 3 . However, in areas where freezing takes place (as is the case in the southern part of Lake Vostok), the temperature in the ice just above the lake is more likely to be constant (e.g., Grosfeld and Thyssen, 1994) . Hence, the temperature gradient and therefore the heat flux into the ice is likely to be zero in these areas. Model results for this more realistic scenario are indicated by the solid lines in Fig. 3 . The average melt (freeze) rate is reduced more strongly, about 75 µm/a per mW/m 2 (79 µm/a per mW/m 2 ) than in the former scenario and the freezing area increase is about halved (22 km 2 per mW/m 2 ). While the heat flux approaches zero, both curves merge as a matter of course. The turbulent kinetic energy is rather constant in this experiment.
Our study encloses a range of the heat flux into the ice from zero to 66 mW/m 2 , this is reasonable. The surface temperature in Antarctica is closely correlated with the height above sea level. According to Fortuin and Oerlemans (1990) the temperature lapse rate is −14.3 K/km. For a hypothetical subglacial lake, closer to Antarctica's edge, the ice thickness may be H = 1000 m and the corresponding temperature difference would be ∆T = −20 K. From this a heat flux of Q Ice = 42 mW/m 2 would follow, which is still well below our maximum value.
Salinity
Until water samples are taken from Lake Vostok it remains unclear if the water is slightly saline or pure. Siegert (2000) combined radio-echo sounding data and satellite radar altimetric data to conclude that the salinity is likely to be between 0.00 and 0.05 . Analyses of accreted ice from the Vostok ice core generally indicate a low salinity, although variable in detail (0.4-1.2 Souchez et al. (2000); 0.1-1.0 Souchez et al. (2003) ). Nevertheless, some authors argue that the lake water could be quite pure (Priscu et al., 1999; Gorman and Siegert, 1999; Siegert et al., 2001 ). The only model study so far including a slight salinity of 1.2 (Mayer et al., 2003) , observed an increased (nearly doubled) transport, a reduced freezing area, and a slight temperature decrease of about 0.05 K per compared to the pure-water study. In this study we increase the lake water's salinity up to 5 , so that the estimated salinity of the lake will be covered by our analysis. In general, the stratification in a saline subglacial lake is more stable than in a pure fresh water case. This is due to the effect that melt water is colder and hence denser than ambient fresh water which leads to sinking of surface waters in most parts of the lake and fosters mixing of the water column. In a saline regime, the density contrast between melted (cool, dense) and ambient (warmer, saline, less dense) water masses is reduced, hence, salinity reduces mixing. From these considerations follow that bottom water masses, warmed by geothermal heat, can easier rise in a fresh water than in a saline environment, which reduces melting.
Our model results (Fig. 4) do support an interface water temperature decrease (of about 0.056 K per ). However, with our more sophisticated model (that includes a better implementation of the pressure and salinity dependent freezing point calculation), the transport (and therefore the turbulent kinetic energy) decreases significantly (about 0.35 · 10 −2 cm 2 /s 2 per ). Because salinity decreases the pressure-dependent freezing point (Foldvik and Kvinge, 1974; Fofonoff and Millard, 1983) , the temperatures in Lake Vostok drop. As salinity stabilises the water column it counteracts the driving forces geothermal heat flux and melting, and our model results seem to be more likely than those of Mayer et al. (2003) with respect to the decreased turbulent kinetic energy. Furthermore, the decreased flow velocities result in a less efficient transport of warmer bottom water to the ice cover as in a pure fresh water regime, resulting in a decrease of the average melt and freeze rates. The freezing area and the basal mass loss (not shown) are relatively independent of salinity.
Ice load
The main driving forces for the circulation within Lake Vostok are the ice draft-dependent melting/freezing and the geothermal heat flux. Therefore, temperature gradients are of uttermost importance to understand the stability of a water column within Lake Vostok. If a small water volume changes its potential temperature (with respect to the surrounding water mass) its density changes, too. According to the adjacent water mass, it will either rise or sink. The equation of state, which formulates the density of water subject to temperature, salinity, and pressure ρ = ρ(T, S, p) is highly nonlinear (Jackett and McDougall, 1995) . Hence, warming may either lead to rising or sinking, depending on the salinity and pressure (or equivalently depth). The coloured isopycnals in Fig. 5 show the density of fresh water for different depths and temperatures for a corresponding salinity of zero. The points of maximum density (points of inflection) are connected by a dashed line. Whether warming leads to buoyancy increase or decrease depends on the water mass properties relative to this dashed line. In the depth where Lake Vostok is positioned (indicated as the original shaded area), warming increases the buoyancy. Hence, (Jackett and McDougall, 1995) . The solid line shows the depth-dependent freezing point of fresh water (Fofonoff and Millard, 1983) , the dashed line connects the isopycnal's inflection points and indicates the line of maximum density. Patterned areas show the captured space of temperatures and equivalent water depth for Lake Vostok with different (artificially reduced) ice load thicknesses. The grey shaded area above the solidus line represents supercooled water masses with freezing capability. Note, that the vast majority of nodes within Lake Vostok is well below the solidus line. warmer water rises to the lake's surface. If the pressure is reduced and a subglacial lake occupies shallower depths, closer to or even beyond the dashed line, the circulation regime will change. This regime change distinguishes oceanic case from lake case circulations (Wüest and Carmack, 2000) . In this study we artificially reduce the depth (ice load) of Lake Vostok to study different regimes. As the lake itself covers about 1200 m depth (from its shallowest part to its greatest depth), a transition zone between about 2000 to 3500 m reduction of the original ice thickness does exist, where the lake is partly above and partly below the dashed line in Fig. 5 . Fig. 6 shows that the basal mass loss is independent of the ice thickness above the lake, but that the freezing area, the average melt and freeze rates, and the turbulent kinetic energy do change. The closely correlated average melt/freeze rates and the turbulent kinetic energy decline significantly while the transition zone from the oceanic case to the lake case is approached, but the freezing area varies only little (around 3900 ± 150 km 2 ). During the transition (at about 3000 m ice reduction), the turbulent kinetic energy collapses completely, and the freezing area is decreased significantly. However, when the lake case stratification establishes, the freeze/melt rates, the freezing area, and the flow increase again. Compared to the ocean case described in Thoma et al. (2007) , the flow establishes with a reversed circulation pattern (not shown).
The south-north temperature cross sections in Fig. 7 for lakes in different depths reveal the effect of the ocean case-lake case transition on the temperature distribution within the lake. (For the exact position of the cross section see Fig. 1 .) The different shaded areas in Fig. 5 indicate temperature and depth ranges the artificial lake settings bestrode. According to the pressure dependent freezing point, the water gets warmer while the ice draft (and equivalently the depth of the lake) is reduced. If the ice load is decreased by 2000 m (Fig. 7a) , the temperature structure within the lake is, despite the higher temperatures, still quite similar to the original Lake Vostok case (compare Thoma et al., 2007, Fig. 5 ): The warmest waters are close to the surface and a vertically stratified water column exists only where freezing takes place. However, in shallower lakes the warmest waters are most dense. Hence, they are confined to the bottom. As soon as the upper (and warmest) layers of the lake reach the critical depth (indicated by the dashed line in Fig. 5 ), convection starts until stability is restored. If the ice thickness is reduced by about 2500 m (Fig. 7b) , the freezing-induced vertical stratification in the southern tip of the lake is dissolved. Further pressure reduction (Fig. 7c) reverses the temperature profile and melting-induced cooling in the lake's northern part stabilises the water column. Finally, if the ice load is so much reduced that the lake's condition relate to the lake case (meaning the whole lake is positioned above the dashed line in Fig. 5 ) the complete water column is vertically stratified (Fig. 7d) .
Discussion and conclusions
We investigated the impact of different physical and environmental parameters on the circulation and temperature distribution within Lake Vostok. Our conclusion is that the circulation pattern as well as the temperature-dependent stability as described in Thoma et al. (2007) was found to be stable with respect to variability in most parameters, namely, geothermal heat flux, heat flux into the ice sheet, and salinity. The only exception is the transition that takes place if the pressure within the lake exerted by the ice sheet load is reduced so that the lake regime switches from the oceanic case to the lake case. While the details of the circulation pattern within a specific lake surely depend on the bathymetry and ice draft, the ice thickness above a lake defines the stratification of the lake's water column. Most subglacial lakes, including the maybe first-to-be-probed Lake Ellsworth , are covered by 3000±460 m of ice (Siegert, 2000; Siegert et al., 2005) and will have a temperature profile similar to Lake Vostok's: a homogeneous water column where melting takes place and a stratified water column in the shallower part where freezing occurs. But some lakes, where the ice thickness is about or even below the critical value indicated by the dashed line in Fig. 5 , do exist (Siegert, 2000 (Siegert, , 2005 and will have a lake case stratification with the warmest water at the bottom. From our analysis it became clear that at least 2000 m of ice would have to be removed to change the regime within Lake Vostok. But during the last glacial cycles, the ice thickness never ever came close to this limit; according to Huybrechts (2002) (supported also by Ritz et al., 2001) , the surface elevation at Vostok Station has been varying only from +50 m (during interglacials) to -150 m (during periods of full glaciation) for the last four glacial cycles. Hence, the only regime shift Lake Vostok might have experienced could have been during changes in the ice surface slope (Siegert, 2005) , extension changes (Erlingsson, 2006) , or during its formation phase if the lake has already existed during this period (Duxbury et al., 2001; Siegert, 2004; Pattyn, 2004 ).
Salinity does not have such a huge impact on the flow regime as some studies propose (Souchez et al., 2000 (Souchez et al., , 2003 Siegert et al., 2003; Mayer et al., 2003) , we do only observe a reduction in transport as salinity stabilises the water column. The freezing area is independent of salinity variations. However, its implication on possible life within subglacial lakes may be crucial (Siegert et al., 2001 Souchez et al., 2003; Christner et al., 2006) .
Geothermal heat flux at the lake's bottom as well as heat flux into the ice determine the freezing area and basal mass loss. As the heat flux into the ice will vary over the area, it can be assumed, that even a smaller geothermal heat flux (above 23 mW/m 2 ) than expected (about 54 mW/m 2 ) will maintain a constant lake's growth.
The existence of a planar surface ice slope is much more essential to maintain a subglacial lake and to prevent produced melt water from leaving a topographic hollow by flowing uphill (Siegert, 2005) . This result can easily be extended to other subglacial lakes. As geothermal heating does exist everywhere, all subglacial lakes will most probably have a drainage system and it is most likely that plenty of them are connected to each other (Clarke, 2006; Wingham et al., 2006; Bell et al., 2007; Fricker et al., 2007) . Hence, future model studies should include mechanisms to permit mass flow into and out of the lake.
Beside the important role in storage and leakage of huge water masses within the subglacial hydrological network of Antarctica (Fricker et al., 2007) , we propose a coupling of our model to a thermodynamic ice model (e.g., Pattyn et al., 2004) which will lead to implications upon the current stability of the Lake Vostok-ice sheet system.
